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MINIATURE RESONATING MARKER ASSEMBLY 



TECHNICAL FIELD 



[0001] 



This invention relates to locating devices, and more particularly to 
miniature resonating marker assemblies and methods of tuning the same. 



BACKGROUND OF THE INVENTION 



[0002] 



Medical procedures often require locating and treating areas within a 



patient's body. Imaging systems, including x-ray, MRI, CT, and ultrasound have 
been used to help locate areas or particular targets within the body. While the 
imaging systems can be very useful in some situations, they can be limited to two 
dimensional information and may be unusable or difficult to use in certain 
procedures to provide real time three dimensional location information about a 
target. 

[0003] Many noninvasive medical procedures, such as radiation therapy and 

surgical procedures, require precise location information about the target to 
minimize the extent of collateral damage to healthy tissue around the target. 
Markers have been used to locate targets on and in a patient's body in 
preparation for a medical procedure. One example includes the use of gold 
fiducials, which are solid, inert, metal beads that can be implanted in a patient at 
or near a tumor or other target that may be difficult to accurately detect using 
conventional imaging systems. The fiducial markers are passive markers that are 
easy to detect with imaging systems such as x-ray or ultrasound systems, but the 
passive markers do not provide active real-time location information during a 
medical procedure. 

[0004] Active, implantable marker assemblies that generate a detectable signal 

have been used to locate a selected target or the like in real time. Many of the 
active markers are implantable in a patient, but they are hard-wired to a power 
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source or other equipment external from the patient. These hard-wired markers 
are removed from the patient's body after a procedure or a series of procedures 
are concluded. The hard-wired markers are often fairly large in order to provide 
desired signal strength, clarity, or other performance characteristics needed 
during the procedure. The patient's body can typically temporarily handle the 
larger marker during the medical procedure before the marker must be removed. 
The removal process, however, requires an additional invasive procedure to the 
patient's body. 

[0005] Leadless active markers also referred to as "wireless" active markers, have 

been developed to be implanted in a patient's body at or near a selected target, 
such as a tumor. The wireless active markers are typically activated or energized 
to generate a detectable signal used to locate the marker in the patient's body. 
Some wireless markers contain a power source, such as a battery, that provides 
the power to generate a signal detectable from outside the patient's body. The 
battery-powered markers, however, typically must be removed after the medical 
procedure because the caustic materials in the battery are not suitable to leave in 
a patient. 

[0006] The conventional, wireless active markers are also often fairly large in 

order to provide a range of operating characteristics that allow the marker to be 
accurately located within the patient's body. Wireless active markers have 
experienced a trade-off between physical size and signal strength. Larger active 
markers have been needed to provide the required signal strength for detection 
and must be tuned adequately enough so that the detection system can detect the 
marker's signal. The large active markers, however, have drawbacks, including a 
reduced accuracy of determining the marker's precise location relative to a target, 
the degree of invasiveness needed to implant the markers in the body, and the 
costs of producing accurately tuned markers. 
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SUMMARY OF THE INVENTION 

[0007] Under one aspect of the invention, a miniature resonating marker assembly 

is provided that overcomes drawbacks experienced in the prior art. In one 
embodiment, the resonating marker assembly includes a core, a wire coil 
composed of insulated wire disposed around the core, and a capacitor connected 
to the wire coil adjacent to the core. The core, coil, and capacitor form a signal 
element that, when energized, generates a magnetic field at the predetermined 
resonant frequency. The magnetic field has a magnetic center point positioned 
along at least one axis of the signal element. An inert encapsulation member 
encapsulates the signal element therein and defines a geometric shape of the 
resonating marker assembly. The geometric shape has a geometric center point 
substantially coincident with the magnetic center point along at least a first axis of 
the signal element. Accordingly, when a user locates the marker assembly's 
magnetic center point, the user will have also located the marker assembly's 
geometric center point. Conversely, when a user locates the marker assembly's 
geometric center, the user will have also located the marker assembly's magnetic 
center point. 

[0008] In another embodiment, the miniature resonating marker assembly has a 

ferromagnetic core with an elongated central portion and two enlarged end 
portions attached to or integrally connected to the central portion. A first end 
portion has an axial thickness different from the thickness of the second end 
portion to define a core asymmetric about at least one axis through the marker 
assembly. A wire coil is disposed around the central portion of the core between 
the first and second enlarged end portions. A capacitor is connected to the coil 
adjacent to the core to form a signal element tuned to a selected resonant 
frequency. The magnetic center point of the signal element is substantially 
coincident with the geometric center point of the resonating marker assembly. 

[0009] In another embodiment, the miniature resonating marker assembly has a 

core made of a material having a relative permeability greater than 1. The core 
has an elongated central portion and two endcaps connected to the central 
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portion. One or more of the endcaps is axially movable relative to the central 
portion. A wire coil is disposed around the central portion of the core between the 
first and second endcaps. A capacitor, positioned adjacent to the core, is 
connected to the wire coil. Test equipment is attached and the resonant 
frequency is measured. The first endcap is movable relative to the coil and the 
core's central portion and is used to tune the circuit. Once the movable endcap is 
positioned at the desired location, the endcap is secured in place, the test 
equipment is removed from the circuit, and the signal element is completed by 
attaching the inductor lead to the capacitor terminal, 
'p; [0010] In another embodiment, the miniature resonating marker assembly has an 

elongated plastic sleeve with a wire coil disposed on the sleeve. A central portion 
=p of a core is placed within the sleeve, and a pair of endcaps are connected to the 

Q sleeve so that the coil is positioned between the endcaps. A capacitor is 

^ operatively connected to the wire coil and positioned adjacent to the core to form 

O a signal element. The central portion of the core is axially movable relative to the 

sleeve and the coil and is used for tuning the marker assembly to a selected 
Q resonant frequency prior to completing the marker assembly. 

[0011] In another embodiment, the miniature resonating marker assembly has a 

core with an end portion having a recess formed therein. A capacitor is 
positioned in the recess, and a wire coil is disposed around the core adjacent to 
the end portion and is operatively connected to the capacitor to form a signal 
element tuned to resonate at a selected frequency. 
[0012] In another embodiment, the miniature resonating marker assembly has a 

core with a central portion and a pair of enlarged endcaps connected to the 
central portion. The central portion is made of a first material with a first magnetic 
permeability, and the endcaps are made of at least a second material with a 
second magnetic permeability different than the first magnetic permeability. A 
wire coil is disposed around the core between the endcaps, and a capacitor is 
operatively connected to the coil to form a tuned signal element. 
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[0013] In another embodiment, the resonating marker assembly has an annular- 

shaped capacitor with a central aperture, and an elongated ferromagnetic core 
extends through the aperture in the capacitor. A wire coil is disposed about the 
core and is connected to the capacitor. The wire coil has first and second 
portions. The first portion is disposed around the core on one side of the 
capacitor, and the second portion is disposed around the core on the other side of 
the capacitor. 

[0014] In another embodiment, a method is provided for actively tuning the 

resonating signal element of a miniature marker during the manufacturing 
process. The method includes wrapping a first number of windings of an 
elongated wire around a central portion of a ferromagnetic core between a pair of 
endcaps to form a wire coil with the first number of windings. The coil with the 
first number of windings and the core form an inductor with a first inductance 
value. The first inductance value is actively measured and compared with a 
target inductance value. The number of windings forming the coil is then adjusted 
by adding or removing one or more windings from the core to form a coil with a 
second number of windings to form an inductor with a second inductance value 
substantially equal to the target inductance value. 

[0015] In another embodiment, a method is provided for tuning a miniature 

resonating marker assembly to have a target resonant frequency by placing a 
core within a wire coil that has a plurality of windings. The core is made of a 
material with a relative permeability greater than 1 . Lead lines of the wire coil are 
connected to a capacitor adjacent to the core to form a resonating marker unit. 
Test equipment is attached for measuring the resonant frequency. A first 
resonant frequency value of the resonating marker unit is measured and 
compared to the target resonant frequency value. The core is moved axial ly 
relative to the wire coil to adjust the resonant frequency value of the resonating 
marker unit to a second resonant frequency value substantially equal to the target 
resonant frequency value. The core is secured in a fixed location relative to the 
coil and the capacitor after the target resonant frequency value is reached. After 
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retesting to confirm that the desired resonant frequency has been achieved, the 
test equipment is removed. fLead lines have already been connected as stated 
above.) Once the circuit has been completed, neither the inductance nor the 
capacitance of the individual components can be directly measured. However, 
the impedance and phase angle of the tuned circuit can be measured which 
allows the resonant frequency and the quality factor (Q factor) of the tuned circuit 
to be determined. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 (0016] Figure 1 is an isometric view of an implantable miniature resonating marker 

J* assembly in accordance with one embodiment of the present invention. 

[0017] Figure 2 is a cross-sectional view of the marker assembly taken 

O substantially along line 2-2 of Figure 1 . 

[0018] Figure 3 is an enlarged cross-sectional view of a plurality of windings on 

,^ the marker assembly of Figure 1 . 

[0019] Figure 4 is an isometric view of a tunable resonating marker assembly in 

□ accordance with an alternate embodiment of the present invention, an endcap of 

the assembly shown in a first adjusted position for tuning the marker assembly. 
[0020] Figure 5 is an isometric view of the resonating marker assembly of Figure 4 

with an endcap in a second adjusted position for tuning the marker assembly. 
[0021] Figure 6 is an exploded isometric view of a miniature resonating marker 

assembly in accordance with an alternate embodiment of the present invention. 
[0022] Figure 7 is a cross-sectional view taken substantially along line 7-7 of 

Figure 6 showing a miniature inductor of the marker assembly with a 
ferromagnetic core in an off-set position. 
^00237 Figure 8 is a cross-sectional view of a miniature resonating marker 

assembly in accordance with an alternate embodiment, with a two-piece 
ferromagnetic core. 

[0024] Figure 9 is an isometric view of a miniature resonating marker assembly in 

accordance with an alternate embodiment utilizing a ferromagnetic paste between 
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a ferromagnetic core and the wire coil. For the purposes of clarity, the second 

ferromagnetic endcap is omitted from this figure. 
[0025] Figure 10 is an isometric view of a ferromagnetic core of a miniature 

resonating marker assembly in accordance with an alternate embodiment, the 

core having a recess that receives a capacitor (not shown). 
[0026] Figure 11 is an enlarged isometric view of an endcap of the core of Figure 

10 with the capacitor shown positioned within the recess. 
[0027] Figure 12 is an enlarged isometric view of an endcap of an alternate 

embodiment of the marker assembly of Figure 10. 
[0028] Figure 13 is an enlarged isometric view of an endcap of an alternate 

embodiment of the marker assembly of Figure 10. 
[0029] Figure 14 is an isometric view of a miniature resonating marker assembly 

in accordance with an alternate embodiment of the present invention, an annular- 
shaped capacitor being shown positioned on the core between two segments of 

the wire coil. 

[0030] Figure 15 is an isometric view of a miniature resonating marker assembly 

in accordance with an alternate embodiment, wherein the ferromagnetic core has 

an I-beam cross-sectional shape. 
[0031] Figure 16 is an enlarged cross-sectional view of the marker assembly 

taken substantially along line 16-16 of Figure 15. 
[0032] Figure 17 is an enlarged cross-sectional view of an alternate embodiment 

of the marker assembly of Figure 15. 
[0033] Figure 18 is a cross-sectional view of a miniature resonating marker 

assembly in accordance with an alternate embodiment with a plurality of modular 

endcaps positioned on a central portion of a ferromagnetic core. 
[0034] Figure 19 is an enlarged isometric view illustrating a process of winding a 

miniature resonating marker assembly in accordance with an embodiment of the 

present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 



In the following description, certain specific details are set forth in order to 
provide a thorough understanding of various embodiments of the invention. 
However, one skilled in the art will understand that the invention may be practiced 
without these details. In other instances, well-known structures associated with 
resonating markers and activators have not been shown or described in detail to 
avoid unnecessarily obscuring the description of the embodiments of the 
invention. 

Figure 1 is an isometric view of an implantable miniature resonating marker 
assembly 10 in accordance with one embodiment of the present invention. The 
marker assembly 10 is an inert, activatable assembly that can be excited to 
generate a signal at a resonant frequency detectable by a marker detection 
system external to the patient. An example of the marker detection system is 
described in detail in copending U.S. Patent Application No. 09/877,498, entitled 
Guided Radiation Therapy System, which is incorporated herein in its entirety by 
reference thereto. 

The marker assembly 10 includes a coil 12 wound around a ferromagnetic 
core 14 to form an inductor. The inductor is connected to a capacitor 16, so as to 
form a signal element 18. Accordingly, the signal element 18 is an inductor (L) 
capacitor (C) series circuit. The signal element 18 is enclosed and sealed in an 
encapsulation member 20 made of plastic, glass, or other inert material. 
Accordingly, the marker assembly 10 is a fully contained and inert unit that can be 
used, as an example, in medical procedures in which the marker assembly is 
secured on and/or implanted in a patient's body. 

The marker assembly 10 can be activated by an external excitation 
source(s) 22, so the signal element 18 generates a detectable signal that allows 
the marker assembly to be precisely located, for example, during a medical 
procedure. The excitation source 22, in one embodiment, generates a magnetic 
field 24 at a selected frequency that substantially matches the resonant frequency 
of the specifically tuned marker assembly 10. When the marker assembly 10 is 
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excited by the magnetic field 24, the signal element 18 generates a response 
signal at the resonant frequency 90 degrees out of phase with the magnetic field. 
The marker assembly 10 is constructed, as discussed in detail below, to provide 
an appropriately "loud" and distinct signal by optimizing marker characteristics, 
such as the quality factor, for example, and by providing an accurate and precise 
means of tuning the marker to a predetermined frequency to allow reliable 
detection by the marker detection system 11. The signal from the accurately 
tuned marker assembly 10 is sufficient to allow the marker detection system 1 1 to 

_ determine the marker assembly's identity, precise location, and orientation in 

^ three dimensional space. 

J [0039] The miniature marker assemblies 10 discussed below are accurately tuned 

to a chosen resonant frequency. Because the miniature marker assemblies 10 
O are constructed to be very small, the markers must be tuned so that, when 

energized, they will provide a response signal that is strong and clearly 
y distinguishable from the excitation signal, signals from other markers, and 

H environmental noise. Accordingly, the signal will have a strength, clarity, and 

□ uniqueness that can be detected and analyzed by the sensor system 26 to 

determine the precise location of the marker assemblies 10 on and/or within the 
patient relative to the sensor system. The information regarding the precise 
location and orientation of the marker assemblies 10 and the target areas is then 
usable to help minimize collateral damage to healthy tissues around the targets 
during radiation therapy, surgical procedures, or other selected medical 
procedures that require locating and tracking a specific tissue or area for 
monitoring or treatment purposes. 
[0040] Figure 2 is a cross-sectional view of the miniature resonating marker 

assembly 10 of Figure 1. The marker assembly 10 of one embodiment has a 
generally cylindrical shape with an axial dimension of approximately 2-14 mm, 
and a diameter of approximately 0.5-3.0mm, inclusive. In other embodiments, the 
marker assembly 10 can have other dimensions and the above range of 
dimensions is provided as an illustrative example of the size of one embodiment 
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of the marker assembly. The marker assembly 10 has the wire coil 12 formed 
from an elongated insulated copper wire tightly wound around the core 14. 
[0041] In the illustrated embodiment, the core 14 is a material having a relative 

permeability greater than 1, such as a ferromagnetic material. In one 
embodiment, the core 14 is made from a selected ferromagnetic material, such as 
Fair Rite 78. The core 14 includes an elongated central portion 28 and a pair of 
enlarged ferromagnetic endcaps 32 attached to the ends of the central portion 28. 
The endcaps 32 in the illustrated embodiment are ferromagnetic endcaps. The 
wire coil 12 is wound around the central portion 28 between the endcaps 32. In 
J the illustrated embodiment, the endcaps 32 are substantially cylindrical and each 

Jt| has an outer diameter approximately the same as the outer diameter of the coil 

12. 

O [0042] The wire coil 12 in the illustrated embodiment is made up of approximately 

100 - 3,000 windings 30 of a low resistance, small diameter, insulated wire (e.g., 
? 45-54 AWG, American Wire Gauge) tightly wound around the core's central 

M; portion 28. The number of windings 30 in the coil 12 depends upon the wire type, 

□ the wire size, the wire shape, the number of wires, the wind geometry, the core 

^ size, the core's material, the core's geometry, and the inductance required to tune 

the signal element 18. As shown in Figure 3, the coil 12 is formed by a large 
number of windings 30 wound onto the core's central portion 28 so that each 
winding is immediately adjacent to all of its nearest neighbors. For wire with a 
round cross-section as shown in Figure 3,each winding, thus, will be immediately 
adjacent to up to six nearest neighbors. Accordingly, each winding 30 is nested in 
the valley area 31 formed between adjacent windings to provide a tightly packed 
winding configuration with the maximum number of windings within the volume 
between the endcaps. The tightly packed coil 12 on the ferromagnetic core's 
central portion 28 allows for a high inductance value to be achieved for the 
miniature marker assembly's small volume. 
[0043] Alternatively, especially at higher frequencies, it may be desirable to 

increase the distance between the coiled wires in a way that does not result in 
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random winding. One way to increase the distance in a predictable and 
repeatable manner is to use insulated wire having a thicker insulation coating 
around the wire filament. Accordingly, the wire filaments in adjacent winds are 
spaced further apart, even though the insulated wire is wound in the tightly 
packed configuration shown in Figure 3. Another embodiment can use two (or 
more) parallel strands of wire wound to form the coil, wherein only one of the 
wires, an active wire, is connected to the capacitor. The other wire is a spacer 
wire that forms a spacer wind between each wind of the active wire. Therefore, 
the separation distance between consecutive winds of the active wire is 
increased. 

[0044] Another way to increase the distance between adjacent winds in an 

organized but less tightly packed configuration is to place each wind on top of 
adjacent windings rather than in the valley area 31 . In this configuration the coil 
is wound such that each wire is adjacent to only four of its nearest neighbors. 

[0045] As best seen in Figures 1 and 2, the elongated cylindrical marker assembly 

10 of the illustrated embodiment has a geometric center point 34. The geometric 
center point 34 can be determined by locating the midpoint along each of the 
marker assembly's length, width, and depth. A user can determine the geometric 
center point 34 of an implanted marker assembly 10 if needed by conventional 
techniques such as taking an image of the assembly with an x-ray or ultrasound 
device and physically measuring the image of the assembly. The spatial 
relationship of the geometric center point 34 relative to the target or other marker 
assemblies 10 may also be visually identified. When the marker is viewed using 
commonly used modalities such as x-ray, it is functioning similar to a surgical clip 
or other devices used to mark a specific tissue or region. 

[0046] The signal element 18 in the marker assembly 10 also generates a 

magnetic field when the signal element is excited, and the magnetic field has a 
magnetic center point 36. If the core 14 was a symmetrical member about the X, 
Y, and Z axis, the endcaps 32 would be the same size, and the magnetic center 
point 36 would be offset from the marker assembly's geometric center point 34. 
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The core 14 of the illustrated embodiment, however, is an asymmetric core with 
endcaps 32 having different thicknesses. The core 14 is shaped and sized so 
that the magnetic center 36 of the signal element 18 is coincident with the 
geometric center 34 of the marker assembly 1 0. 

[0047] The asymmetric configuration of the core 14 effectively shifts the center of 

the magnetic field axially along the length of the core. The signal element 18 can 
be configured and positioned in the encapsulation member 20 so that the 
geometric and magnetic centers 34 and 36 are coincident with each other. The 
coincident orientation of the geometric and magnetic centers 34 and 36 allows a 
physician or technician to nonvisually determine the precise location of an 
implanted marker assembly 10 relative to a target during a medical procedure. 

[0048] As an example, the marker assembly 10 can be implanted either 

permanently or short-term in a patient and located visually with an imaging system 
to determine the marker assembl/s position and location relative to the target 
before initiating a selected medical procedure. The physician or technician can 
visually determine the marker assembly's geometric center 34 relative to the 
target. The information about the geometric center 34 relative to the target can be 
utilized to provide patient set-up procedures or a treatment plan. The physician or 
technician will know that, when the marker assembly 10 is excited via the 
excitation source(s) 22 (Figure 1) and the location of the magnetic center 36 is 
nonvisually determined in three-dimensional space, the magnetic center is at the 
same location as the geometric center 34 and has the same relative orientation to 
the target. Accordingly, the marker assembly 10 can provide extremely accurate 
nonvisual information regarding the marker assembly's actual real time location 
within the patient's body relative to the target. That location information can be 
used to minimize the margins needed around the target when performing a 
medical procedure. If the geometric center point 34 and the magnetic center point 
36 are displaced by even small amounts, the margins around the target may need 
to be larger, thereby potentially having a greater impact on healthy tissue around 
the target. 
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[0049] The asymmetric core 14 illustrated in Figure 2 is shown as having a 

generally cylindrical shape with the rod-shaped central portion 28 and disk- 
shaped endcaps 32. In alternate embodiments, the endcaps 32 can have other 
shapes, such as arcuate or semispherical shapes, that help to achieve the 
required characteristics of the tuned marker assembly 10. 
[0050] For marker assemblies that will be implanted, it is highly desirable to 

minimize the size of the marker assembly 10 to allow for accurate and minimally 
invasive placement of the assembly into body tissues and cavities via such 
methods as introducer needles, endoscopes, catheters, etc. There are trade-offs, 
5 however, between marker size and signal strength, because smaller markers 

typically provide weaker signals. Therefore, the miniature marker assembly 10 
should be as small as possible while still providing an adequate response signal 
over environmental noise when energized by the excitation source(s) 22. To 
maximize the signal strength of the marker assembly 10, the outer diameter of the 
coil 12 and ferromagnetic core 14 should be maximized relative to the outer 
dimension of the marker assembly. The marker assembly 10 of the illustrated 
embodiment accomplishes this, in part, because the capacitor 16 and any other 
components, such as a tissue fastener 29 (illustrated in phantom lines connected 
to the marker assembly), are axially aligned with the core 14 and positioned at the 
proximal or distal ends of the core. The size constraints for markers placed on 
the body are less stringent than for implanted markers. 
[0051] Figure 4 is an isometric view of the tunable miniature marker assembly 10 

with an adjustable endcap 32 shown in a first position. Figure 5 is an isometric 
view of the marker assembly 10 of Figure 4 with the endcap 32 in an axially 
adjusted second position for tuning of the marker assembly. In one scenario, the 
miniature marker assembly 10 is accurately tuned to provide the maximum signal 
strength at the resonant frequency with a maximum quality factor for the signal. A 
primary factor in tuning the marker assembly 10 is determining when the 
impedance phase shift at the frequency of interest is equal to zero. The 
impedance phase shift becomes zero when the capacitor impedance and the 
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inductor impedance are matched for a given frequency. Alternatively, the marker 
could be tested in a wireless fashion where the phase shift at the resonant 
frequency of the marker would be 90 degrees out of phase when measured at the 
sensor system 26 (Figure 1). When the signal element 18 is accurately tuned so 
the capacitor and inductor impedances are matched for a given frequency, the 
signal element 18 will resonate at that selected frequency. 

[0052] In the illustrated embodiment of Figures 4 and 5, one of the endcaps 32 

has an aperture therein that receives the core's central portion 28. The endcap 
32 is axially movable on the core's central portion 28 relative to the coil 12 when 
the signal element 18 is being tuned. When the adjustable endcap 32 is 
positioned immediately adjacent to and abutting the coil 12 (Figure 4), the endcap 
is positioned to reduce the inductance of the inductor, thereby increasing the 
resonant frequency of the marker assembly 1 0. When the adjustable endcap 32 
is positioned at the end of the core's central portion 28 spaced apart from the coil 
12, the endcap is positioned to maximize the inductance of the inductor thereby 
decreasing the resonant frequency of the marker assembly. Accordingly, axial 
movement of the endcap 32 relative to the coil 12 can increase or decrease the 
resonant frequency to fine tune the signal element 18. 

[0053] During the manufacturing process of the marker assembly 10, the endcap 

32 is axially adjusted to precisely tune the marker assembly. In one embodiment, 
the entire signal element 18 is assembled with the exception of the movable 
endcap 32. The movable endcap 32 is then slipped onto the end of the core's 
central portion 28 and positioned axially toward the coil 12 to achieve the required 
inductance to obtain the desired resonant frequency. 

[0054] The axial position of the ferromagnetic endcap 32 can be determined by 

axially moving the endcap 32 and simultaneously measuring the impedance 
phase shift at the frequency of interest with an impedance analyzer. The 
impedance analyzer is connected to the coil's lead wires that connect to the 
capacitor 16. When the impedance analyzer determines that the phase shift is 
equal to zero, the capacitor impedance and the inductor impedance are matched 
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for the selected frequency. The endcap 32 is then secured in place on the core's 
central portion 28 with an adhesive, such as a UV-cured or heat-cured epoxy. 

[0055] The above process of tuning the miniature marker assembly 10 allows for 

extremely accurate tuning during mass production of the marker assemblies while 
minimizing the degree of variation between two marker assemblies tuned to the 
same frequency. The signal elements 18 of marker assemblies 10 having a 
tuning accuracy in the range of ± 0.5% of the desired resonant frequency can be 
economically manufactured in large quantities. In one embodiment, signal 
elements 18 can be economically tuned consistently during manufacturing with a 
margin of error as low as ± 0.2% of the desired resonant frequency. 

[0056] In another embodiment, the resonant frequency of the signal element 1 8 

can be finely tuned by removing material from the ferromagnetic core 14 by, as an 
example, laser cutting or machining ferromagnetic material from an endcap 32 or 
the core's central portion 28. In another embodiment, fine tuning of the signal 
element 18 can be accomplished by removing material from the capacitor 16. The 
resonant frequency of the signal element 18 can be actively or dynamically 
measured during the material removal process to determine when the phase shift 
is zero and inductive reactance equals the capacitive reactance of the signal 
element. 

[0057] After the endcap 32 is fixed in position on the core's central portion 28, the 

tuned signal element 18 can be carefully slid into the encapsulation member 20 
(Figure 1 ). The encapsulation member 20 is sealed to provide a fully contained 
inert miniature marker assembly 10 specifically tuned to a selected frequency. 
One of the fragile areas of the marker assembly 10 can be the connection 
between the capacitor 16 and the wire leads from the coil 12. The connections 
can be susceptible to damage during the manufacturing process because of the 
small diameter of the coil wire. Therefore, the signal element 18 must be carefully 
inserted into the encapsulation member 20. In one embodiment, the capacitor/coil 
interface is sealed with a flexible epoxy or other adhesive that electrically 
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insulates the lead wires. Sealing the lead wires also protects the lead wires from 
corrosion if any fluid from the patient tissue contacts the signal element 18. 
[0058] Figure 6 is an exploded isometric view of a marker assembly 10 of an 

alternate embodiment. Figure 7 is a cross-sectional view taken substantially 
along line 7-7 of Figure 6 showing the inductor portion of the marker assembly 10 
in an assembled condition. The marker assembly 10 includes a plastic sleeve 40 
on which the coil 12 is wound. In this illustrated embodiment, the ferromagnetic 
core 14 is made of two ferromagnetic endcaps 42 and a separate ferromagnetic 
rod 44. The ferromagnetic endcaps 42 are positioned on the ends of the plastic 
^; sleeve 40, and the coil 12 is positioned between the endcaps. The ferromagnetic 

;S rod 44 is shaped and sized to slide into the plastic sleeve 40. During the 

^ manufacturing and tuning of the marker assembly 10, the ferromagnetic rod 44 is 

Q axially movable in the sleeve relative to the coil 12 and the ferromagnetic endcaps 

42 to change the resonant frequency. 
O [0059] In the illustrated embodiment, a preformed plastic sleeve 40 is used in the 

coil winding process so the coil 12 is wound directly onto the sleeve in the tight 
£ winding configuration as discussed above. The ferromagnetic endcaps 42 can be 

^ adhered to the plastic sleeve 40 either before or after the winding process. After 

the coil 12 and the ferromagnetic endcaps 42 are securely positioned on the 
plastic sleeve 40, the ferromagnetic rod 44 is inserted into the plastic sleeve and 
axially positioned relative to the coil 12 until the target resonant frequency of the 
signal element 18 is achieved. In one embodiment, the resonant frequency is 
measured dynamically as the ferromagnetic rod 44 is adjusted axially relative to 
the coil 12 until the inductive reactance matches the capacitive reactance. This 
dynamic measuring of the resonant frequency allows the ferromagnetic rod 44 to 
be precisely positioned during tuning of the marker assembly 10. Accordingly, the 
marker assembly 10 provides the maximum tunability to a desired inductance for 
a given frequency. 

[0060] As best seen in Figure 7, the ferromagnetic rod 44 is positioned in the 

plastic sleeve 40 coaxially with respect to the coil 12 such that the geometric 
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centers 41 and 43 of the rod and the coil, respectively, are offset by a selected 
distance when a target resonant frequency is nominally achieved. The 
ferromagnetic rod 44 can then be moved axially in either direction to increase or 
decrease the resonant frequency to accommodate the maximum variation 
possible in the coil 12 or the capacitor 16 while still obtaining the target resonant 
frequency. The axial adjustments of the ferromagnetic rod 44 can be minimal 
because the inductance changes exponentially as a function of the distance 
between the geometric center 43 of the coil 12 and the geometric center 41 of the 
ferromagnetic rod. Thus, axial movement of the ferromagnetic rod 44 provides 
extremely fine tuning of the marker assembly's signal element 18 with a minimum 
degree of axial movement. 

Once the ferromagnetic rod 44 is positioned in the plastic sleeve 40 to 
achieve the specific inductance, thereby tuning the signal element 18 to resonate 
at a selected frequency, the ferromagnetic rod is securely affixed in position with 
an adhesive. In one embodiment, the adhesive is a UV-cured epoxy, a 
polyurethane adhesive, or a ferromagnetic-based adhesive. In the case of the 
ferromagnetic-based adhesive, the uncured adhesive should be present in the 
bond line joint during tuning so that the resonant frequency does not shift. The 
tuned signal element 18 is then encapsulated in the inert encapsulation member 
20 (Figure 1 ) as discussed above. 

In a simpler alternate configuration, ferromagnetic endcaps are not 
incorporated in the signal element 18 and the ferromagnetic core 14 may be just 
the ferromagnetic rod 44 having a length the same as the coil 12, shorter than the 
coil, or longer than the coil. The signal element 18 is then tuned by moving the 
ferromagnetic rod 44 within the coil 12, which may or may not be wound on a 
plastic sleeve. Ferromagnetic paste or adhesive may also be used in place of 
preformed rigid ferromagnetic cores. In this configuration, the signal element is 
tuned to a specific resonant frequency by injecting ferromagnetic paste into the 
center of the coil. 
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[0063] The encapsulation member 20 can be a plastic or glass sleeve sealed on 

both ends so as to fully enclose the tuned signal element 18. For marker 
assemblies 10 designed for use in medical procedures in which the marker 
assemblies may be permanently implanted in a patient, the signal elements 18 
are encapsulated in part to protect the patient's tissues from exposure to any non- 
biocompatible materials that may be used to optimize the marker signals. The 
encapsulation member 20 also insulates the signal element 18 from bodily fluids 
that may cause corrosion or oxidation of the signal element and affect its 
performance. The encapsulation member 20 hermetically seals the signal 
element 18 without adversely affecting the signal element or its emitted signal. 

[0064] In one embodiment the signal element is encapsulated in a strong, rigid, 

and biocompatible material such as epoxy that helps protect the signal element 18 
from mechanical damage. 

[0065] Alternatively, the signal element 18 can be placed inside of a 

biocompatible encapsulation sleeve 49 as shown in Figure 8. The encapsulation 
sleeve 49 and signal element 18 form an assembly 51 that can be completely 
encased in a biocompatible material, such as UV-cured or heat-cured epoxy 53. 
Alternatively, rather than potting the entire assembly 51, another encapsulating 
material, such as epoxy, could be injected inside the encapsulation sleeve 49 to 
encase the signal element 18 so that the outer wall of the plastic or glass 
encapsulation sleeve is in direct contact with the tissue. Materials that are 
appropriate for plastic encapsulation sleeves 49 can include, as an example, 
polyamide, polyetherblockamide, polyimide, poiyurethane, polyetheretherketone. 
Biocompatible glass may also be an acceptable material for encapsulation 
sleeves 49. 

[0066] Some benefits of using an encapsulation sleeve 49 are that the sleeve can 

be used to help center the signal element 18, help to prevent damage to the 
signal element during handling, and help make the encapsulation process easier 
by preventing the signal element from being exposed during encapsulation. For 
example, if the signal element 18 was not placed in an encapsulation sleeve 49 
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prior to potting with epoxy, the signal element may move to the side of the mold 
and be exposed after the epoxy had cured. To prevent this phenomena from 
occurring, the signal element 18 needs to be placed in a sleeve 49 or othenA^ise 
coated before completing the final encapsulation process. 
[0067] In another embodiment, the encapsulation member 20 is composed of 

sturdy, durable, biocompatible heat-shrink tubing. The signal element 18 is 
placed in the heat-shrink material, and heat is applied until the material shrinks 
and encases the signal element. The heat-shrink material is selected so that the 
heat necessary to shrink the material is not high enough to damage the signal 
element 18. In an additional embodiment, the signal element 18 and the 
shrunken encapsulating sleeve are potted in epoxy to fully enclose and seal the 
signal element 18. 

[0068] The signal element 18 in other embodiments can be encapsulated with one 

or more materials. Using multiple materials can make the encapsulation process 
easier and can allow additional functionality to be incorporated into the marker 
assembly 10. As an example, the signal element 18 can be encapsulated with a 
rigid biocompatible material, such as an epoxy, to protect the components from 
damage. The epoxy also would provide a rigid base for, as an example, attaching 
a fastener for mechanically attaching the marker assembly to tissue in the patient, 
thereby preventing the marker assembly from migrating immediately following 
marker deployment in the patient and during the implant duration. 

[0069] An additional biocompatible coating material may be placed on the outside 

of the rigid encapsulation member 20 to react with the tissue and help the marker 
assembly 10 adhere to the tissue. The additional coating material can also help 
promote or accelerate tissue encapsulation of the marker. Eliciting a specific 
biological response at the marker/tissue interface could also be beneficial in 
preventing marker assembly migration, especially in soft tissue. 

[0070] In another embodiment, the encapsulation member 20 includes a 

biocompatible, thin-walled glass or plastic vial. These vials are similar to the 
previously described encapsulation sleeves 49 except one end is already sealed 
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prior to insertion of the signal element 18. The signal element 18 is placed into 
the vial and an encapsulation material, such as a quick-curing adhesive or epoxy, 
is injected into the vial to fully encase the signal element. After the signal element 
18 is placed in the vial, the epoxy or other material is dispensed into the vial so as 
to avoid entrapping air bubbles in the vial. Avoiding air bubbles is important 
because if the vial is damaged at the site of a large bubble, part of the signal 
element may be exposed to body fluids and tissues. When the signal element 18 
is placed in the previously discussed glass or plastic small-bore sleeve, epoxy 
can be injected into the sleeve to more easily avoid the formation of air bubbles 
? within the sleeve. 

[0071] Using glass can be advantageous because glass is inert and insoluble. 

m 

j: The characteristics of glass are also very desirable for long-term implantation of 

^ marker assemblies. If undamaged, the glass will prevent leakage (egress) of 

Q incompatible materials from the signal element 18 and ingress of tissue fluids to 

□ the signal element. In another embodiment, powdered or granular glass is 

2 combined with biocompatible epoxy and used to encapsulate the signal elements 

J 18 placed in sleeves or vials. In another embodiment the signal element 18 can 

M= be secured with an adhesive inside an encapsulation sleeve or vial and the end(s) 

of the sleeve/vial can be closed using heat or a laser to melt and seal the end(s) 

of the vial or sleeve. 

[0072] Figure 8 is a cross-sectional view of a marker assembly 10 of an alternate 

embodiment. The marker assembly 10 has the plastic sleeve 40 around which 
the coil 12 is wound. The ferromagnetic core 14 is a two-piece core, with each 
core piece 48 having an endcap 32 and a first section of the core's central portion 
28 integrally connected to each other. Each core piece 48 is positioned so that 
the section of the core's central portion 28 extends into the plastic sleeve 40 until 
the endcap 32 is adjacent to the coil 12. The two core pieces 48 are coaxially 
aligned and immediately adjacent to each other within the plastic sleeve 40. 

[0073] Tuning of the marker assembly's 10 signal element 18 is achieved by 

axially moving one or both of the core pieces 48 relative to each other and to the 
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coil 12. The resonant frequency can be actively measured during the axial 
movement of one or both of the core pieces 48 until the inductive reactance of the 
signal element 18 and the capacitive reactance are matched for the selected 
frequency. After the marker assembly's signal element 18 has been accurately 
tuned to resonate at the selected frequency, the core pieces 48 are fixed in 
position relative to the plastic sleeve 40 and the coil 12 by an adhesive. The 
signal element 18 can be inserted into an encapsulation member and hermetically 
sealed to provide the fully enclosed and inert miniature marker assembly 10 
suitable for implantation in a patient. 

Figure 9 is an isometric view of a marker assembly 10 in accordance with 
another alternate embodiment. In this embodiment, the marker assembly 10 
includes the capacitor 16, the coil 12 connected to the capacitor, and the 
ferromagnetic core 14. The core 14 includes a ferromagnetic rod 44 extending 
through the coil 12, and endcaps 32 are attached to the ferromagnetic rod. In 
Figure 9, an endcap 32 on the signal element opposite the capacitor 16 and the 
encapsulation member 20 are not shown for illustrative purposes. The coil 12 in 
this embodiment is made from an elongated wire having an outer airbondable 
coating that is on top of the wire insulation. Prior to winding the wire around, as 
an example, a manufacturing machine's mandrel, the airbondable wire is heated 
to make the coating sufficiently tacky so that the wire adheres to adjacent 
windings as it is wound to form the coil 12. After the coil 12 has been wound, the 
airbondable coating has set, and the coil has been removed from the 
manufacturing machine's mandrel, the coil is a freestanding coil with an open 
interior area 50. 

In the illustrated embodiment, a coil winding machine is used to wind the 
coil 12 onto a metal mandrel and then eject the coil off the mandrel. Winding the 
coil 12 onto a metal mandrel has benefits over winding directly onto the small 
diameter (e.g., 0.75 mm) ferromagnetic rod 44 because the ferromagnetic rod 
must be supported on both ends to prevent fracture and/or breakage. Securely 
holding the ferromagnetic rod 44 with a spindle and tail stock of the winding 
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machine requires concentricity of the small components, because slight 
misalignment can also lead to fracture and/or breakage of the ferromagnetic rod. 
Winding the coil 12 onto a metal mandrel of a coil winding device rather than 
directly onto the ferromagnetic core 44 is more conducive to a fully automated 
process because the small ferromagnetic core does not have to be preloaded 
prior to starting the winding process. 
[0076] The core 14 is positioned so the ferromagnetic rod 44 extends through an 

interior area 50 in the coil 12. The coil's interior area 50 is sized to provide a 
clearance fit with the ferromagnetic rod 44, so there is a slight space between the 
5 ferromagnetic rod and the inner wall of the coil 12. A ferromagnetic-based 

0 adhesive 52 can be used at the interface between the ferromagnetic rod 44 and 

1 n 

£ the coil 12 during assembly to eliminate the air gap between the components, to 

provide additional ferromagnetic material within the coil, and to secure the 
Q ferromagnetic rod 44 to the coil 12. Adding additional ferromagnetic increases 

O the inductance of the signal element 18 without increasing the signal element's 

5 size. The endcaps 32 are attached to the ends of the ferromagnetic rod 44 with 

% the coil 12 between them. 

N= [0077] The signal element 1 8 can be tuned to the selected resonant frequency by 

axially adjusting the ferromagnetic rod 44 and/or an endcap 32 relative to the coil 
12. Once the signal element 18 is precisely tuned, the adhesive 52 is allowed to 
set or cure, and the ferromagnetic rod 44 is fixed in position in the coil 12 and the 
endcap 32 is fixed in position on the ferromagnetic rod. The tuned signal element 
18 can then be positioned in an encapsulating member 20 (Figure 1) to provide 
the inert miniature resonating marker assembly 10. 
[0078] Figure 10 is an isometric view of an alternate embodiment of a 

ferromagnetic core 60 of a marker assembly 10. Figure 11 is an enlarged 
isometric view of a recessed endcap 66 of the core 60 of Figure 10. The core 60 
(Figure 10) of the illustrated embodiment has an enlarged, substantially solid 
endcap 62 connected to one end of a smaller diameter ferromagnetic rod 64, and 
a second endcap 66 is attached to the opposite end of the ferromagnetic rod. 
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The second endcap 66 has a recess 68 shaped and sized to receive a capacitor 
16 (Figure 11) therein. The capacitor 16 in the illustrated embodiment is securely 
retained in place within the recess 68 by a non-conductive adhesive. The coil 12 
is wound around the ferromagnetic rod 64 and operatively connected to the 
terminals 73 of the capacitor 16 so as to form the signal element 18. 
[0079] The recess 68 in the endcap 66 can be formed by grinding, molding, or 

laser cutting the endcap. The recess 68 is designed to position the capacitor 16 
in a selected orientation relative to the coil 12 such that, when the coil is installed 
or wound onto the ferromagnetic rod 64, a minimum length of lead wire 75 is 
needed to connect the coil to the capacitor. This orientation of the recess 68 and 
'fi the capacitor 16 also provides a compact tunable configuration that increases 

=P commonality of the miniature marker assembly 10, which makes mass production 

ci of tuned marker assemblies 10 more efficient and economical. 

" [0080] In one embodiment, a spacer or coating is provided within the recess 68 

9 between the endcap 66 and the capacitor 16. The spacer or coating can help 

1=* avoid electrical shorts with the capacitor 16 and can provide a surface with 

5 different bonding characteristics to hold the capacitor in place. 

^ [0081] The small physical size and fragility of the signal element 18 are such that 

complete assembly of the tuned signal element can be difficult. The small 
capacitors 16, especially the standard 0603, 0504, and 0402 size capacitors, can 
be dramatically affected during the process of soldering the lead wires 75 to the 
terminals 73. These small capacitors 16 have such high ratios of contact surface 
area to total volume that they can inadvertently adhere to a soldering tip during 
the assembly process, which can result in a failed joint or a damaged capacitor. 
[0082] Mounting the capacitor 16 in the recess 68 helps alleviate the 

manufacturing difficulties, because the endcap 66 holds the capacitor in place 
with the proper, known, and consistent orientation with respect to the coil 12 and 
lead wires 75. When the capacitor 16 is centered in the recess 68, the capacitor 
is captured between the side portions of the endcap 66. The side portions work 
with the adhesive to provide a protective structural support for the capacitor 16. 
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With this method, a simple axial load can be applied to retain the capacitor 16 
within the recess 68 during application and curing of an adhesive. Once the 
capacitor 16 is structurally secured in the recessed endcap 66, the coil lead wires 
75 may be readily soldered to the capacitor terminals 73. 
[0083] As seen in Figure 12, in one alternate embodiment, a flat section 72 is 

formed on the side of the endcap 66 adjacent to the recess 68 to accommodate 
the coil lead wires 75 (Figure 11). The flat sections 72 help prevent the coil 12's 
fragile lead wires 75 from being snagged or damaged during the process of 
encasing the completed signal element 18 into the encapsulation member 20 
Q (Figure 1 ). In this alternate embodiment, the endcap 66 is also provided with an 

,j aperture 77 shaped and sized to receive the core's ferromagnetic rod 64 (Figure 

^ 10) so that the endcap may be axially adjusted on the ferromagnetic rod to tune 

^ the signal element 18. The other endcap 62 (Figure 10) without the recess can 

O also be axially adjustable on the ferromagnetic rod 64 to tune the signal element 

P 1 8 as discussed above. 

^ [0084] In an alternate configuration, the connections between the coil 12 and the 

^ capacitor 16 are covered or sealed with an adhesive or epoxy prior to the 

u encapsulation process. Sealing the connections helps prevent damage during the 

encapsulation process and helps prevent corrosion of the signal element in cases 
where the marker encapsulation is damaged during or prior to implantation. The 
connection between the coil 12 and capacitor 16 is an area of the signal element 
where the small diameter wire is not protected by a coating of insulation. 
[0085] As best seen in Figure 13, another embodiment of the recessed endcap 66 

includes a groove 74 formed in the outer surface of the endcap adjacent to the 
recess 68. The groove 74 is sized and positioned to accommodate the coil 12's 
lead wires 75 (Figure 1 1 ). The groove 74 helps to protect the lead wires 75 from 
being damaged during the encapsulation process of the signal element 18 to form 
a hermetically sealed, miniature resonating marker assembly 10. 
[0086] Figure 14 is a cross-sectional view of a miniature resonating marker 

assembly 10 of an alternate embodiment. In this alternate embodiment, the 
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marker assembly 10 includes a signal element 80 having a ferromagnetic core 82, 
a wire coil 84, and an annular-shaped capacitor 86 to form the signal element that 
resonates at a selected frequency upon external excitation. The ferromagnetic 
core 82 in the illustrated embodiment includes a central ferromagnetic rod 88 and 
a pair of enlarged endcaps 90 secured to the ends of the ferromagnetic rod. The 
endcaps 90 are disk-shaped members with a central aperture that receives the 
ferromagnetic rod 88 so the endcaps can be axially adjusted to tune the signal 
element 80 before the endcaps are fixed in place. In an alternate embodiment, 
one or both of the endcaps 90 can be integrally connected to the ferromagnetic 
rod 88. 

[0087] The annular-shaped capacitor 86 in this alternate embodiment has a 

similar disk shape and outer diameter as that of the endcaps 90. A central 
aperture 92 extends through the capacitor 86, and the ferromagnetic rod 88 
extends through the capacitor's central aperture. Accordingly, the capacitor 86 is 
positioned generally in the middle of the signal element 80 between the endcaps 
90. 

[0088] The coil 84 is wound in two segments onto the ferromagnetic rod 88 

between the endcaps 90 and the capacitor 86. Accordingly, one coil segment 93 
is wound around the ferromagnetic rod 88 between one endcap 90 and the 
capacitor 86, and a second coil segment 95 is wound around the ferromagnetic 
rod between the other endcap and the other side of the capacitor. In one 
embodiment, the two coil segments 93 and 95 are formed by one continuous wire. 
In an alternate embodiment, the coil segments 93 and 95 may be formed by 
separate wires interconnected to provide the electrical continuity of the coil 84. 

[0089] The signal element 80 of this marker assembly 10 is tuned in one 

embodiment by axially adjusting the position of one or both of the endcaps 90 
relative to the ferromagnetic rod 88 and the coil 84 until the signal element is 
tuned to resonate at the selected frequency. Once the signal element 80 is tuned 
and the endcaps 90 are secured in position on the ferromagnetic rod 88, the 
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signal element can be encapsulated to provide the inert resonating marker 
assembly 10. 

[0090] Figure 15 is an isometric view showing an alternate embodiment of a 

miniature resonating marker assembly 96. Figure 16 is a cross-sectional view of 
the marker assembly 96 of Figure 15. The marker assembly 96 includes a 
ferromagnetic core 100 with an I-beam shaped cross-section. The core 100 has 
an elongated web 102 extending between a pair of ferromagnetic flanges 104 that 
act as endcaps. In this embodiment, the flanges 104 and the web 102 are 
integrally connected. In alternate embodiments, the I-beam configuration can be 
5 formed by separate flanges 104 adhered or otherwise suitably attached to the 

S web 102. 

IP 

£ [0091] The marker assembly 96 also includes an elongated coil 106 tightly wound 

i| around the web 102 between the flanges 104. The I-beam configuration of the 

S core 100 allows each winding of the elongated coil 106 to cover more of the core 

O 100 than the previously described marker configurations, thereby allowing for 

2 more inductance with less wire. In one embodiment, the web 102 has a shorter 

J: axial length than the flanges 104, such that the end portions of the web are 

M: recessed. The coil 106 is wound around the recessed web 102 so the coil does 

not extend beyond the ends of the flanges 104 to increase the length of the 
marker assembly 96. A capacitor 108 (Figure 15) is securely mounted to one end 
of the ferromagnetic core 100 and is operatively connected to the lead wires from 
the coil 106. The capacitor 108 is, thus, substantially coaxially aligned with the 
core 100 and the coil 106 so as to provide an elongated signal element 98 
insertable into an encapsulating member 107 and sealed to provide the inert, 
miniature marker assembly 96. 
[0092] Figure 17 is a cross-sectional view of an alternate embodiment of the 

marker assembly 96. This alternate marker assembly 96 includes an elongated 
ferromagnetic core 110 with a central web 112 and a pair of endcaps 114 
connected to the web. Each endcap 1 1 4 has a curved or arcuate upper surface 
1 16 that provides for a smooth, rounded signal element 98 that can be easily and 

[/8005 Resonating Beacon Assembty.doc] -26- 9/14/01 



m 




quickly inserted into a generally cylindrical encapsulation member 117. 
Accordingly, the shape of the signal element 98 helps avoid misalignment or 
binding with the encapsulation member 117 during the installation process in the 
small encapsulation member. While the illustrated embodiments show geometric 
configurations of I-beam shapes with flat or curved flanges, other geometric 
configurations can be used to form the endcaps while providing a suitable area to 
retain the windings of the coil 118 therebetween. 
[0093] Figure 18 is a cross-sectional view of a modular miniature marker assembly 

130 of an alternate embodiment. The marker assembly 130 includes a tuned 
signal element 132 encapsulated in an outer, inert encapsulation member 134 
sealed at its ends to fully enclose the signal element. The signal element 132 in 
the illustrated embodiment includes a ferromagnetic core 136, a coil 138 wound 
about the core in a tight-winding configuration discussed above and shown in 
Figure 3. A capacitor 140 is attached to the core 136 and operatively connected 
to the coil 138. The coil 138 and the capacitor 140 are similar to those described 
above in the embodiments. The core 136 includes a central ferromagnetic rod 
142 that extends axially through the coil 138, and a pair of modular endcaps 144 



ferromagnetic disks 148 each with a central aperture 149 that receives the end 
portion of the ferromagnetic rod 142. If an asymmetric core 136 is desired, the 
modular endcaps 144 can be easily constructed with a different number of 
ferromagnetic disks 148 or with disks of different thicknesses, so as to achieve 
the selected ultimate volume of ferromagnetic material at each end of the 
ferromagnetic rod 142. Accordingly, the characteristics of the signal element 132 
can be selected and/or modified by combining a different number or type of 
ferromagnetic disks 148 to form the modular endcaps 144. 
[0095] When a large number of miniature marker assemblies 130 are to be 

manufactured, the same modular components of the ferromagnetic core 136 can 
be used in different combinations to achieve the tuned marker assembly. Once 
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[0094] 



are mounted on the ferromagnetic rod on opposite sides of the coil 138. 

The modular endcaps 144 are made up of a plurality of annular-shaped 



m 



the modular endcaps 144 are in place on the ferromagnetic rod 142, the 
ferromagnetic disks 148 can be adjusted axially relative to the ferromagnetic rod 
and the coil 138 to actively tune the marker assembly 130 to resonate at the 
selected frequency. Alternatively, the ferromagnetic rod 142 may be axially 
moved relative to the coil 132 and the modular endcaps 144 to achieve the 
necessary inductance to tune the signal element 132. After the signal element 
132 is accurately tuned, the modular endcaps 144 and central ferromagnetic rod 
142 are fixed in position so the signal element remains accurately tuned. The 
signal element 132 can then be inserted into the encapsulation member 134 and 
hermetically sealed. 

In an alternate embodiment, the characteristics of the signal element 132 
may be controlled by combining a central rod 142 made of one ferromagnetic 
material, and enlarged endcaps 144 made of another ferromagnetic material. 
The ferromagnetic material for the rod 142 has a first magnetic permeability and 
saturates at a high field strength, and the ferromagnetic material for the endcaps 
144 has a greater magnetic permeability and saturates at a lower field strength. 
Accordingly, the ferromagnetic core 136 can have a substantially uniform 
saturation characteristic throughout the core, thereby minimizing the effects of 
saturation on the resonating marker assembly 130. As an example, in one 
embodiment, the endcaps 144 may be made of Fair Rite 78 and the ferromagnetic 
rod 142 may be manufactured of a power ferromagnetic having less magnetic 
permeability and a higher saturation level. The ferromagnetic rod 142 made of 
the power ferromagnetic material allows more windings around the rod to form 
the coil 138 without saturation of the central ferromagnetic rod. 

The windings and the core 136 including endcaps 144 of the signal 
element 132 makeup the elements of the signal element's inductor For a first 
order approximation, the inductance of the signal element 132 is optimized for a 
given volume when the number of turns is maximized, the enclosed area for each 
turn is maximized, the length of the coil is minimized, the initial permeability of the 
core is maximized, and the length/diameter ratio of the core is maximized. Also, 
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for a first order approximation, the quality factor (Q factor) of the signal element 
132 is optimized when the inductance is maximized and the resistance of the 
windings and core 136 is minimized. Typically, the resistance of the windings and 
core 136 will be nearly equal at the chosen frequency when the inductor has been 
optimized. Other items that must be addressed when optimizing the Q factor 
include multiple layer windings, the presence of endcaps 144, and frequency 
dependent losses including dielectric loss and ferrite loss. Accordingly, the 
marker assembly 130 is designed to provide a maximum Q factor for the marker 
assembly at a chosen frequency. The embodiment utilizing endcaps 144 with a 
J^! material having a different permeability than the ferromagnetic rod 142 can be 

}5 either modular endcaps as shown in Figure 1 8, or can be single, solid endcaps as 

In 

^ discussed above and shown, for example, in Figure 2. Accordingly, the miniature 

g resonating marker assembly 130 can be manufactured with components of 

^ different materials and characteristics to provide extreme versatility for desired 

O marker characteristics while allowing the marker assemblies to be manufactured 

Q efficiently and cost effectively. 

T [0098] The process of manufa cturing the miniature marker assembly 10 in one 

^ embodiment involves actively measuring the marker assembly's inductance during 

the coil winding process. The process is discussed with reference to Fi gure 19.^ 
When producing a tuned signal element, which generally consists of an inductor 
(L) and a capacitor (C) interconnected either in series or in parallel, one 
significant difficulty is producing an inductor of precise inductance to match 
imprecise capacitors having tolerances of ±5% or more. Such capacitors are 
readily available from a number of manufacturers. The manufacturing process of 
dynamically measuring the inductance of miniature resonating marker coils 154 
allows precise control of the inductance of very small inductors, (e.g., with lengths 
in the range of approximately 1-13 mm, inclusive). 
[0099] In one embodiment of the manufacturing method, a core 160 with a 

capacitor 162 affixed thereto is installed in a coil winding machine 166. After the 
core 160 is positioned in the winding machine 166, a test probe advances forward 
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and makes contact with the capacitor 162 at one test point, such as the capacitor 
terminal 168. A second test probe is advanced forward to make contact with the 
other capacitor contact. The capacitor's capacitance is measured and the test 
probes are retracted. From the capacitance, an empirically derived formula based 
on the chosen wire size and the core material and other critical inductor 
parameters are used to identify the inductance value necessary to obtain the 
desired resonant frequency for the LC series circuit being produced. A single, 
long strand of wire 164 is connected at one end to the capacitor terminal 168 on 
the capacitor 162. The coil winding machine 166 is activated to spin the core 160 
and capacitor 162 as a unit so as to tightly wind the wire 164 onto the central rod 
150 of the ferromagnetic core between the endcaps 152. The windings are 
controlled to be immediately adjacent to each other so as to minimize the amount 
of space between windings, as discussed above and shown in Figure 3. 

[00100] The individual characteristics of the capacitor 162, the ferromagnetic core 

160, and the wire 164 are generally known, so the approximate number of 
windings needed in the coil 154 can be calculated to approximately achieve the 
desired inductance needed to tune the signal element. The coil winding machine 
166 is used to wind the coil 154 with the initially calculated number of windings. 
In one embodiment, the coil 154 is wound about the core 160 with a selected 
number of turns calculated with the empirically derived formula to achieve an 
inductance value slightly less than necessary to obtain the desired LC series 
circuit resonant frequency. 

[00101] After the calculated number of windings are wound onto the core 160, a 

test probe advances forward making contact with one of the capacitor terminals 
168 to which the wire is connected, and another test probe is advanced to make 
contact with the other end of the wire 164 at the wire takeoff spool (not shown) on 
the coil winding machine 166. The inductance is dynamically measured and 
compared to the actual inductance required to obtain the desired resonant 
frequency of the LC series circuit. The difference between the actual inductance 
and the target inductance is used to calculate the additional number of windings 
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necessary to add to the coil 154 to accurately achieve the target inductance within 
a very small margin of error during the manufacturing process. The calculated 
number of additional windings are added to the coil 154 to achieve the target 
inductance. 

[00102] In one embodiment, the actual inductance is measured again after the 

additional windings are added to the coil 154 to confirm that the actual inductance 
matches the target inductance within a selected margin of error, as an example, in 
the range of approximately ± 0.2% of the target inductance. The dynamic 
inductance measurement process can be iteratively used as many times as 
needed to achieve the inductance needed to obtain the fine-tuned LC series 
circuit. In one embodiment, if the measured inductance is within 0.5% of the 
required tuned circuit inductance, the additional windings are added one at a time, 
with a dynamic inductance measurement taken after each winding is added until 
the measured inductance matches the required tuned circuit inductance within the 
resolution of the inductance measuring device. 

[00103] In one embodiment wherein the coil 154 is wound onto a dumbbell-shaped 

ferromagnetic core 160, an initial manual process begins with a start turn 
termination. A small bead of adhesive (e.g., UV-spot-curing type or the like) is 
used to secure the end of the wire 164 to the ferromagnetic core 160 immediately 
adjacent to the winding area on the circumference of one of the endcaps 152. 
The adhesive also serves as a strain relief for the eventual termination to the 
capacitor terminal 168. The exposed length of wire 164 is twisted back on itself 
and tinned to provide one of the electrical connections for the dynamic inductance 
measurement. Following the winding of the first iteration of windings, a service 
loop is drawn from the wire spool from a location between the spool and the input 
to a tensioner device. The length of the service loop is determined by the 
empirically derived formula. As with the start turn termination, the end of the 
uncut service loop is twisted back on itself and tinned. This provides a second 
electrical connection for the dynamic inductance measurement. 
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[00104] In the illustrated embodiment, the method of dynamic tuning of the LC 

series circuit for the resonating marker assembly 10 is used for automated 
manufacturing of the miniature resonating marker assemblies tuned within a 
tolerance of approximately ± 0.5% of the target resonant frequency. Such highly 
accurate tuning of the resonating marker assembly 10 allows for extremely 
accurate manufacturing of relatively large volumes of the miniature resonating 
marker assemblies in a very efficient and cost-effective manner. In addition, large 
quantities of miniature resonating marker assemblies 10 having different 
resonating frequencies can be manufactured efficiently and cost effectively. 

[00105] Although specific embodiments of, and examples for, the present invention 

are described herein for illustrative purposes, various equivalent modifications 
can be made without departing from the spirit and scope of the invention, as will 
be recognized by those skilled in the relevant art. The teachings provided herein 
of the present invention can be applied to resonating marker assemblies, not 
necessarily the exemplary implantable resonating marker assemblies generally 
described above. 

[00106] These and other changes can be made to the invention in light of the 

above-detailed description. In general, in the following claims, the terms used 
should not be construed to limit the invention to the specific embodiments 
disclosed in the specification and the claims, but should be construed to include 
all miniature resonating marker assemblies that operate in accordance with the 
claims. Accordingly, the invention is not limited by the disclosure, but instead its 
scope is to be determined entirely by the following claims. 
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